Aim: Voltage-gated sodium channels composed of a pore-forming α subunit and auxiliary β subunits are responsible for the upstroke of the action potential in cardiac myocytes. The pore-forming subunit of the cardiac sodium channel Nav1.5, which is encoded by SCN5A, is the main ion channel that conducts the voltage-gated cardiac sodium current (I Na ) in cardiac cells. The current study sought to investigate the inhibitory effects of hesperetin on human cardiac Nav1.5 channels stably expressed in human embryonic kidney 293 (HEK 293) cells and on the voltage-gated cardiac sodium current (I Na ) in human atrial myocytes. Methods: The effects of hesperetin on human cardiac Nav1.5 channels expressed in HEK 293 cells and on cardiac Na + currents in human atrial myocytes were examined through whole-cell patch-clamp techniques. Results: Nav1.5 currents were potently and reversibly suppressed in a concentration-and voltage-dependent manner by hesperetin, which exhibited an IC 50 of 62.99 μmol/L. Hesperetin significantly and negatively shifted the voltage-dependent activation and inactivation curves. Hesperetin also markedly decelerated Nav1.5 current inactivation and slowed the recovery from Nav1.5 channel inactivation. The hesperetin-dependent blockage of Nav1.5 currents was frequency-dependent. Hesperetin also potently and reversibly inhibited Na + current (I Na ) in human atrial myocytes, consistently with its effects on Nav1.5 currents in HEK 293 cells. Conclusion: Hesperetin is a potent inhibitor of I Na in human atrial myocytes and Nav1.5 channels expressed in human embryonic kidney 293 cells. Hesperetin probably functions by blocking the open state and the inactivated state of these channels.
Introduction
Voltage-gated sodium channels (VGSCs) generate the upstroke of the action potential and regulate its propagation in various excitable cells [1, 2] . They are composed of a poreforming α subunit and one or two auxiliary β subunits [3] . Of the nine VGSCα subunits (Nav1.1-1.9) [4] , Nav1.5, which is encoded by SCN5A [5] , is the most prominent sodium channel in the heart. It is well known that SCN5A-mediated sodium currents are responsible for the rapid upstroke at the beginning of the cardiac action potential and that mutations or malfunctions in SCN5A-encoded Nav1.5 channels cause various arrhythmia-inducing conditions, such as type 3 long QT syndrome (LQTS3) [6] , Brugada syndrome (Brs) [7] , and sick sinus syndrome [8] . It has been reported that blocking atrial Nav1.5 channels may be a useful antiarrhythmic strategy for treating atrial fibrillation [9] . Hesperetin is found primarily in the young fruit of rutaceae citrus, which is increasingly being consumed in Western societies. Hesperetin is also found in orange juice at concentrations up to 720 mmol/L [10] . Epidemiological studies have shown that increased daily hesperetin intake reduces human mortal-ity from cardiovascular diseases, lung cancer and asthma [11] . Accumulating studies demonstrate that hesperetin is effective in treating many disorders because it exerts a wide range of biological effects, including vasorelaxation effects [12] , antioxidant effects [13] , neuroprotective effects [14] , anti-inflammatory effects [15] , antiviral effects and cholesterol-lowering effects [16] . However, reports on the effects of hesperetin on ion channels are sparse. Recently, a report has described the inhibitory effects of hesperetin (IC 50 value of 267.4±26.5 μmol/L) on delayed rectifier potassium currents (I Kr ), which are encoded by the human ether-a`-go-go-related gene (hERG) [17] . Our previous study has also shown that hesperetin inhibits Kv1.5 channels [18] . Until now, little attention has been paid to the relationship between hesperetin and Nav1.5 channels. In this study, we sought to investigate the pharmacologic effects of hesperetin on Nav1.5 channels expressed in HEK 293 cells and on voltage-gated cardiac sodium current (I Na ) in human atrial myocytes by using the whole-cell patch-clamp technique.
Materials and methods

Cell culture
Human cardiac Nav1.5 channels were stably expressed in HEK 293 cells, which were kindly provided by Prof GuiRong LI (University of Hong Kong). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM, HyClone, Logan, UT, USA) containing 500 μg/mL G418 (Sigma-Aldrich, St Louis, MO, USA) and 10% (v/v) fetal bovine serum (FBS, Gibco, Gaithersburg, MD, USA) in a humidified atmosphere at 37 °C with 5% CO 2 -enriched air. The cells were passaged every 2-3 d by using brief trypsin treatments and were seeded on sterile glass cover slips for 24-48 h before the patch-clamp experiments.
Human atrial myocyte preparation Human atrial cells were enzymatically dissociated as described previously [19] . The method was approved by the Ethics Committee of Tongji Medical College, and the patients provided consent. Briefly, human atrial cells were enzymatically dissociated from the right atrial appendages of patients (n=5, 60.2±10.2 years of age) undergoing coronary artery bypass grafting and ablation for supraventricular tachyarrythmias. The tissue samples were quickly immersed in O 2 100%, Ca 2+ -free cardioplegic solution for transport to the laboratory after being removed from the atria, which were almost normal at the time of surgery. Atrial myocytes were enzymatically dissociated as described previously [20] . Briefly, the atrial tissue samples were minced and gently bubbled with 100% O 2 in Ca
2+
-free Tyrode's solution for 15 min (5 min intervals in fresh solutions) and then incubated for 50 min in a similar solution containing 175 U/mL collagenase (type II, Sigma-Aldrich, St Louis, MO, USA), 1.2 U/mL proteinase (type XXIV, SigmaAldrich, St Louis, MO, USA) and 1 mg/mL bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA). The tissue chunks were then re-incubated in a fresh enzyme solution with the same composition as that described above, but without proteinase. After 25 min of incubation, the quantity and quality of the isolated cells were determined under a microscope at 5 min intervals. When the appearances of the cells seemed optimal, the chunks were suspended in a high K + medium and gently triturated with a pipette to release individual myocytes. The isolated myocytes were maintained at room temperature in the above medium for at least 1 h before use.
Solutions and drugs
For I Nav1.5 recording, we used a pipette solution containing the following (in mmol/L): 10.0 NaCl, 10.0 CsCl, 120. 4 with NaOH). Hesperetin (purity ≥98%, as measured by HPLC) was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO) to produce a 1 mol/L stock solution. The stock solution was stored at -20 °C and then deliquated with the bath solution to obtain the desired concentration. The concentration of DMSO in the final deliquation was less than 0.1% and had no effect on Nav1.5 currents.
Patch-clamp recording
We adopted the standard whole-cell patch-clamp technique to record sodium currents. For I Nav1.5 recording, cells on cover slips were transferred to a continuously perfused recording chamber mounted on the stage of an inverted microscope and perfused with 10 mL of bath solution at a rate of about 1 mL/min for electrophysiological recording. Glass pipettes (1.5 mm diameter) were pulled with a two-stage microelectrode puller (PC-10, Narishige, Japan), and the resistance of the pipettes ranged from 2-4 MΩ when they were filled with the internal solution and immersed in the bath solution. For I Na recording in human atrial myocytes, the solution containing the isolated cells was dropped in an open perfusion chamber (1 mL) mounted on the stage of an inverted microscope. The myocytes were allowed to adhere to the bottom of the cham-ber for 10-15 min and were then superfused with bath solution at a rate of 2-3 mL/min. The resistance of the pipettes ranged from 2-3 MΩ when they were filled with the internal solution. Only quiescent rod-shaped cells showing clear cross-striations were used. Membrane currents were recorded with an EPC-10 amplifier and Pulse software (HEKA Electronik, Lambrecht, Germany) at room temperature (22-24 °C) . The liquid junction potentials between the pipette and bath solutions were compensated for before the pipette touched the cell. After obtaining a gigaseal, we ruptured the membrane via gentle suctioning to form the whole-cell configuration. The current signal was filtered at 3 kHz and sampled at 10 kHz. The whole-cell capacitance and resistance were compensated for, and the leak currents were subtracted. Currents were recorded 5 min after the whole-cell patch-clamp configuration was achieved.
Statistical analysis
Data analysis was performed using Pulsefit (HEKA) and Clampfit 10.0 (Molecular Devices). Nonlinear curve fitting was performed using SigmaPlot 11.0 (SPSS Science, Chicago, IL, USA). Values are presented as the mean±SEM. ANOVA was used to assess the statistical significance of the differences among multiple groups, and paired Student's t-tests were used to evaluate the differences between two groups. P<0.05 was considered to be statistically significant.
Results
Hesperetin blocks Nav1.5 current in a concentration-dependent manner Figure 1A shows the original representative traces of the Nav1.5 currents expressed in HEK 293 cell lines under control conditions or in the presence of hesperetin at concentrations of 10, 30, 100, and 300 μmol/L. The inhibitory effect of hesperetin on Nav1.5 current amplitudes was concentrationdependent, and a maximum 49.25% reduction in Nav1.5 current amplitude was achieved at a concentration of 300 μmol/L hesperetin. Fractional blockage was plotted against the corresponding concentrations of hesperetin (n=7-8 for each concentration) in a concentration-response curve, as shown in Figure  1B . The curve was well fitted by the Hill equation:
where B (%) is the fractional blockage percentage change in Nav1.5 current amplitude at a given hesperetin concentration [D], IC 50 is the concentration at which hesperetin exerts 50% of its maximum effect, and n is the Hill coefficient. The IC 50 of hesperetin was 62.99 μmol/L, and the Hill coefficient (n) was 1.33.
Hesperetin blocks Nav1.5 current in a voltage-dependent manner Current-voltage (I-V) relationships were studied to estimate the voltage dependence of the inhibitory effects of hesperetin on Nav1.5 channels. Figure 2A shows sample traces of the original currents to illustrate the inhibition of Nav1.5 by hesperetin. Hesperetin slightly decreased Nav1.5 currents at a concentration of 30 μmol/L and substantially depressed Nav1.5 currents at a concentration of 100 μmol/L. After a 10-min washout period, the effects of hesperetin on Nav1.5 currents was partially reversed. The I-V relationship curves pertaining to Nav1.5 currents were constructed in Figure 2B by plotting the amplitudes of the Nav1.5 currents against test pulse potentials (n=9, P<0.05). Current inhibition was observed at all activating test potentials, thus suggesting that hesperetin-induced current blockage occurred over the entire potential activation range. Plotting the inhibition percentage against the test potential ( Figure 2C ) showed that hesperetin produced voltage-dependent inhibition between -45 and -30 Figure 2C , n=8, P=NS). These results suggest that hesperetin-mediated Nav1.5 channel inhibition is dependent on these channels being in their open state.
Effects of hesperetin on steady-state Nav1.5 channel activation The original traces of the voltage dependence of steadystate Nav1.5 channel activation in the absence or presence of hesperetin are shown in Figure 3A . The summarized data pertaining to Nav1.5 channel activation were fitted by the Boltzmann equation:
to form a conductance-voltage curve. A hyperpolarization shift of the steady-state activation curve was observed after 100 μmol/L hesperetin treatment. Effects of hesperetin on steady-state Nav1.5 channel inactivation Figure 4A shows the representative original traces of the voltage dependence of steady-state Nav1.5 channel inactivation in the absence or presence of 100 μmol/L hesperetin, which was evaluated by using a conventional double-pulse protocol, as shown in Figure 4A . Normalized data obtained under control conditions and those obtained after hesperetin exposure were plotted against the test membrane potential to illustrate the effects of hesperetin on the inactivation curve ( Figure 4B ). The curves were well fitted with the Boltzmann equation:
Hesperetin had little effect on the inactivation slope factor but elicited a significant negative shift with respect to steadystate Nav1.5 channel inactivation. As shown in Figure 4B , the midpoint of the channel inactivation value (V 1/2 ) of control Effects of hesperetin on the time constants of Nav1.5 channel inactivation The time constants of Nav1.5 channel inactivation were investigated and were found to be well-fitted with the mono-exponential function, as shown in Figure 5A (n=9). The inactivation time constants were significantly increased by 100 μmol/L hesperetin treatment at test potentials ranging from -45 mV to -10 mV. The inactivation time constants were increased from 1.81±0.19 ms to 2.13±0.14 ms at -45 mV in hesperetin-treated cells ( Figure 5B , n=9, P<0.05 vs control). These results suggested that hesperetin slows time-dependent Nav1.5 channel inactivation.
Hesperetin-mediated frequency-dependent Nav1.5 channel block age Hesperetin-mediated frequency-dependent Nav1.5 channel blockage was evaluated with twenty duplicate 50-ms pulses that caused depolarization from a holding potential of -120 mV to a potential of -35 mV at frequencies of 2, 5, and 10 Hz ( Figure 6A ). The amplitudes of the Nav1.5 currents were slightly reduced after the twenty depolarizing pulses ( Figure  6B, n=11, P<0.01) . If the blockage percentage elicited by the first depolarizing pulse was considered to be a tonic block, frequency-dependent inhibition could be identified on the basis of the reductions in the amplitudes of Nav1.5 currents elicited by subsequent pulses. In the presence of 100 μmol/L hesperetin, the Nav1. Figure 6C ). These results showed that hesperetin induces use-dependent Nav1.5 channel blockage.
Effects of hesperetin on recovery from Nav1.5 channel inactivation Recovery from inactivation at repolarizing potentials was assessed by using a double-pulse protocol. Figure 7A shows the representative original tracings of the recovery from Nav1.5 channel inactivation in the absence or presence of hesperetin. Recovery from inactivation was represented by the ratio of the test amplitude to the conditioning pulses. The time course for recovery was well fitted with the double-exponential function:
The fast time constant (τ 1 ) was 8.62±1.67 ms, and the slow time constant (τ 2 ) was 50.62±10.5 ms in the absence of hesperetin ( Figure 7B, n=8) . Recovery from inactivation was slowed by 100 μmol/L HSP, the fast time constant (τ 1 ) was 27.21± 6.9 ms (n=8, P<0.05), and the slow time constant (τ 2 ) was 157.2±25.61 ms (n=8, P<0.01). These results suggest that hesperetin significantly slows both the slow and fast components of the recovery from inactivation, thus indicating that hesperetin-binding channels require more time to recover from inactivation than non-binding channels.
Effects of hesperetin on I Na in human atrial myocytes
The effects of hesperetin on I Na in human atrial myocytes are illustrated in Figure 8 . Figure 8A shows the representative voltage-dependent I Na traces recorded in a human right atrial cell in the absence or presence of 30 and 100 μmol/L hesperetin and after washout. Hesperetin substantially inhibited I Na at concentrations of 30 and 100 μmol/L, and these effects were partly reversed after a 10-min drug washout. Figure  8B displays the I-V relation curves of the mean I Na values (n=5) in the absence or presence of different concentrations of hesperetin. I Na was significantly inhibited by hesperetin in a concentration-dependent manner. At -45 mV, I Na was inhib- ited by 12.43%±0.01% and 22.53%±0.04% (n=5, P<0.05) at concentrations of 30 and 100 μmol/L hesperetin, respectively, and was substantially recovered after washout. These results suggested that hesperetin significantly and reversibly inhibits I Na in a concentration-and voltage-dependent manner. I Na activation was fitted by the Boltzmann equation as described above to generate a conductance-voltage curve, as shown in Figure  8C . A hyperpolarization shift of the steady-state activation curve was observed after treatment with 100 μmol/L hesperetin. The midpoint of the channel activation value (V 1/2 ) was -60.49±1.45 mV in control cells and -67.48±2.47 mV in cells treated with 100 μmol/L hesperetin (n=5, P<0.05). The slope factors were 0.12± 0.04 in control cells and 0.15±0.04 in cells treated with 100 μmol/L HSP (n=5, P=NS). These results suggested that hesperetin significantly shifts voltage-dependent activation to more hyperpolarized potentials which were consistent with the results of the experiments on human cardiac Nav1.5 channels expressed in HEK 293 cells.
Discussion
The present work provides the first demonstration that hesperetin is a potent direct inhibitor of open Nav1.5 channels. The following novel findings support this statement: (1) Nav1.5 currents were potently and reversibly blocked by hesperetin in a voltage-and concentration-dependent manner, (2) hesperetin significantly shifted both the steady-state activation curve and the steady-state inactivation curve of Nav1.5 currents in the negative direction, (3) hesperetin decelerated Nav1.5 channel inactivation and slowed Nav1.5 channel recovery from inactivation, (4) hesperetin-dependent Nav1.5 current blockage is frequency-dependent, (5) hesperetin significantly and reversibly blocked I Na in human atrial myocytes in a voltageand concentration-dependent manner and shifted the steadystate activation curve of I Na in a negative direction. The current study suggests that hesperetin potently inhibits Nav1.5 currents in a concentration-dependent manner, exhibiting a half-maximal inhibitory concentration (IC 50 ) of 62.99 μmol/L. It has been reported that intragastric administration of 100 mg/kg hesperetin to rats induces hesperetin plasma concentrations as high as 20-30 μmol/L [21] . The IC 50 value of hesperetin required to affect Nav1.5 currents is twice the plasma concentration in rats; however, hesperetin is a highly lipid soluble compound that can accumulate at higher concentrations in tissues than in plasma [22] . Therefore, the local concentrations required to block Nav1.5 currents may be achieved in clinical settings.
Pore blockers usually cause use-dependent channel blockage. Frequency-dependent blockage is the most common type of use-dependent blockage reported to be induced by many drugs, such as A-803467 [5] , ranolazine [23] , mexiletine and propafenone [24] , all of which block open sodium channels. Hesperetin-mediated Nav1.5 channel blockage is also frequency-dependent, thus indicating that higher frequencies increase the total amount of time that Nav1.5 channels spend in their open state, in which they can be bound by hesperetin, thereby leading to enhanced blockage, and that hesperetin preferentially binds to Nav1.5 channels when they are in their open state, as do mexiletine and lidocaine [25] . This hypothesis was confirmed by a study demonstrating the strongly voltagedependent blockage of open Nav1.5 channels induced by quinidine [26] . Hesperetin also shifted the maximum conductance and the activation curve toward negative potentials, thus indicating that the effects of hesperetin are voltage dependent, as are those of other open channel blockers, such as disopyramide and mibefradil [27, 28] . All these findings strongly suggested that hesperetin blocks open Nav1.5 channels.
The current study also showed that hesperetin inhibits Nav1.5 currents not only by shifting the voltage dependence of steady-state inactivation in a hyperpolarizing direction but also by slowing Nav1.5 channel inactivation and recovery from inactivation, thus suggesting that hesperetin binds not only to open Nav1.5 channels but also to inactive Nav1.5 channels, as do other open channel blockers. This finding may indicate that the Nav1.5 channels have a window region in which the steady-state activation curve and inactivation curve overlap. Similar phenomena have also been observed with respect to the effects of other open channel blockers on other channels; for example, neferine interacts with both open and inactive Kv4.3 channels [29] , BAPTA-AM interacts with both open and inactive hERG channels [30] , and carvedilon and pergolide interact with both open and inactive Kv1.5 channels [31, 32] . Mammalian species express nine functional voltage-gated Na + channels. Of these, the cardiac-specific isoform Nav1.5 is relatively resistant to the neurotoxin tetrodotoxin (TTX) [33] . In the present study, the inhibitory effects of hesperetin on Nav1.5 current amplitudes were concentration-dependent, Figure 7 . Effects of hesperetin on recovery from Nav1.5 channel inactivation. (A) Representative traces showing the recovery of Nav1.5 channels from inactivation evoked by the double-pulse protocol in the absence or presence of 100 μmol/L hesperetin. The cells were depolarized from a holding potential of -120 mV to a potential of -30 mV for 50-ms (P1) and then returned to the holding potential for a time interval ranging from 2 to 1200 ms before being depolarized by a second 50-ms pulse from -120 mV to -30 mV (P2). (B) The relative amplitudes of I Nav1.5 (P2/P1) are plotted against the inter-pulse interval. The recovery curves were well fitted with a double-exponential function. Data are expressed as the mean±SEM. n=8. HSP: hesperetin.
and hesperetin induced with 19.92%±0.01% and 38.51%±0.02% reductions in Nav1.5 current amplitudes at concentrations of 30 and 100 μmol/L. Functional studies have shown that the TTX-nosensitive (Nav1.5) isoform accounts for up to 73% of total sodium currents in the human atrium [34] . I Na in human atrial myocytes was inhibited by 12.43%±0.01% and 22.53%±0.04% by treatment with 30 and 100 μmol/L hesperetin, respectively, at -45 mV, findings consistent with the effects of hesperetin on Nav1.5 channels in HEK 293 cells. Furthermore, Nav1.5 channels activate at more negative potentials than do TTX-sensitive channels, and test potentials of -60 mV have been shown to activate Nav1.5 channels but not TTXsensitive channels [35] . These results suggest that the effects of hesperetin on I Na are primarily mediated via Nav1.5 channel blockage.
In the current study, the steady-state activation curve of I Na in human atrial myocytes was shifted in a negative direction by hesperetin, which exerted similar effects on the steady-state activation curve of Nav1.5 channels in HEK 293 cells. However, the midpoint of the channel inactivation value (V 1/2 ) of the I Na steady-state activation curve in human atrial myocytes was more negative than that of the Nav1.5 channel steadystate activation curve in HEK 293 cells, which may have been caused by differences in the sodium concentrations of the extracellular bath solutions. Higher extracellular bath sodium concentrations shifted the I Na steady-state activation curve in a negative direction in human atrial myocytes.
Many reports have documented that inherited or acquired sodium channel dysfunction resulting in excessive sodium conductance can lead to cardiac arrhythmias [36] , and therapeutic agents that inhibit sodium conductance, such as quinidine [37] , A-803467 [5] , and lacosamide [38] , are widely used to manage these diseases [24] . Nav1.5-mediated sodium currents are responsible for the rapid upstroke at the beginning of the cardiac action potential, and Na + channel blockers with potential-and frequency-dependent effects preferentially suppress atrial fibrillation because the high excitation rate induced by the disease promotes drug binding in atrial cells [9] . Hesperetin potently inhibits the currents of Nav1.5, a protein encoded bt SCN5A, and may therefore have potential as an anti-arrhythmic drug that can be used to treat atrial fibrillation. High hesperetin concentrations have been found in oranges and orange juice, whose consumption is increasing in Europe; thus, the potential beneficial effects exerted by hesperetin on cardiac electrophysiology in vivo warrant further investigation.
In conclusion, our results strongly indicate that hesperetin is a potent blocker of Nav1.5 channels and that it interacts with these channels when they are in their open and inactivated states.
